Alkaline phosphatase [orthophosphoric monoester phosphohydrolase, EC 3.1.3.1] was purified from the mucosa of rat small intestine by butanol extraction, ethanol fractionation, gel filtration, with controlled-pore glass-10 and DEAE-cellulose column chromatography. On the gel filtration, the enzyme activity was separated into three peaks; A in the void volume, B and C at lower molecular weight positions. Enzyme A was purified to homogeneity. The activity of enzymes A, B, and C was detected even on sodium dodecyl sulfate-polyacrylamide gel electrophoresis at the position of the protein of enzyme A, which had a molecular weight of 110,000 daltons. Enzymatic properties such as pH optimum, K m value for the substrate, heat inactivation and inhibition by amino acids were the same in all three enzymes. Based on these findings, together with the elution positions on gel filtration, enzyme A was regarded as an aggregate, and enzymes B and C as dimer and monomer molecules, respectively.
several tissues or cells has been reported (6) (7) (8) (9) (10) (11) (12) (13) . In the intestinal mucosa, this enzyme is localized in the microvillous membrane of the cells (1) . Intestinal enzymes of human (11, (14) (15) (16) (17) (18) and other animal species (17, (19) (20) (21) (22) have also been purified and characterized. This enzyme has been purified from the intestinal mucosa of rats but its purity was not strictly established (23, 24) . This paper reports a fairly simple method for purifying alkaline phosphatase to homogeneity from the intestinal mucosa of rats. The purified enzyme showed the highest specific activity ever reported for the enzyme from the rat intestine and had a large molecular size, suggesting that it was in an aggregated form. The nature of the aggregate and the structure of the monomer molecules of alkaline phosphatase of rat small intestine are discussed in comparison with those of the enzyme from other sources.
EXPERIMENTAL PROCEDURES
Enzyme Assay-Alkaline phosphatase activity was determined by a slight modification of the method of Lowry et al. (25) . The reaction mixture contained, in a final volume of 0.6 ml: 0.1 ml of enzyme solution, 0.42 M 2-amino-2-methyl-lpropanol (pH 10.0), 6.6 mM p-nitrophenyl phosphate, and 0.83 ITIM MgCl 2 . The mixture was incubated for 10 min at 37°C and then the reaction was stopped by adding 1.5 ml of 0.25 M NaOH solution, and the absorbance was measured at 410 nm. One unit of activity was defined as the amount causing the release of 1 (imo\ of />-nitrophenol from /»-nitrophenyl phosphate per min at 37°C. Protein was measured by the method of Lowry et al. (26) .
Purification of Alkaline Phosphatase-Male
Wistar strain rats, weighing 200-250 g, were decapitated and their small intestines, from the duodenum to the jejunum, were excised and washed out with cold physiological saline. Then they were everted and the mucosal tissue was scraped off with a razor blade. Usually 20 to 30 g of mucosa, collected from 20 rats, was used. The mucosa was homogenized in a Potter-Elvehjem type homogenizer with 4 volumes of 5 mM Tris-HC1 buffer (pH 7.4) containing 2.5 mM MgSO 4 (TM buffer). The homogenate was mixed with one volume of w-butanol saturated with TM buffer and the mixture was incubated for 1 h at 37°C, with vigorous shaking several times during the incubation. The emulsion formed was centrifuged at 8,000 xgr for 15 min, then the aqueous layer obtained was dialyzed against TM buffer and insoluble material was removed by centrifugation at 8,000 x g for 10 min. Cold ethanol was added slowly to the supernatant at 0°C to a final concentration of 60% (v/v), and the mixture was centrifuged. The precipitate was dissolved in 10 to 15 ml of TM buffer and applied to a column (3.0x70 cm) of controlled-pore glass (CPG)-IO (500 A, Electro-Nucleonics, Fairfield, New Jersey, U.S.A.). The column was eluted with TM buffer at a flow rate of 6 ml/h and fractions of 3 ml of eluate were collected. About half of the alkaline phosphatase activity was eluted in the void volume (enzyme A) and two minor peaks of activity (enzymes B and C) were eluted later, as shown in Fig. 1 . The actual values of /* 280 /fraction in fractions 84 to 97 were 0.06 to 0.13. This elution pattern was quite reproducible. Peak fractions of activity from the CPG-10 column were pooled and applied to a DEAE-cellulose (DE52, Whatman Ltd., Maidstone, Kent, England) column (1x10 cm) equilibrated with TM buffer. The column was eluted with 60 ml of a linear gradient of 0 to 0.5 M NaCl in the same buffer at a flow rate of 6 ml/h. Table I summarizes the purification of alkaline phosphatase. The enzymes in the main peak in the void volume (enzyme A) and in the two later peaks (enzymes B and C) obtained by gel filtration on CPG-10 (500 A) as shown in Fig. 1 were further purified by DE52 column chromatography. Enzyme A was eluted from the DE52 column with 0.07 M NaCl as a single peak, and the peak of absorbance at 280 nm coincided with that of activity. Enzymes B and C were also eluted from the DE52 column with 0.07 M NaCl. However, there were still several contaminating proteins in these two enzyme preparations, as described below, and their specific activities after DE52 column chromatography were only one-seventh and one-thirtieth, respectively, of that of enzyme A. The preparations eluted from the DE52 column were used for further characterization of the enzymes.
RESULTS

Purification of Alkaline Phosphatase-
Properties of the Enzymes-Enzyme
A protein did not move on electrophoresis on 3.75 or 5% polyacrylamide gel in the absence of sodium dodecyl sulfate (SDS). However, on 5% polyacrylamide gel containing 0.1 % SDS, it migrated as a single band of protein, as shown at the top of Fig. 2 . The molecular weight of enzyme A protein was calculated to be around 110,000 by comparison of its mobility with those of E. coli /3-galactosidase, dog muscle phosphorylase A, and bovine serum albumin in the same gel (data not shown). Enzymes A, B, and C were subjected to electrophoresis on separate SDS-polyacrylamide /. Biochem. Fig. 1 . Gel filtration of alkaline phosphatase of rat small intestinal mucosa on a CPG-10 (500 A) column (3.0 x 70 cm). The ethanol fraction was applied to the column and elution was carried out with TM buffer at a flow rate of 1 ml/10 min. Fractions of 3 ml of eluate were collected. Fractions 84 to 97, 112 to 123, and 127 to 136 for enzymes A, B, and C, respectively were pooled and subjected to DE52 column chromatography. K o indicates the void volume determined with tobacco mosaic virus, at 280 nm.
Activity; O, absorbancy gels, then the gels were cut into 1 mm sections and the alkaline phosphatase activity of each section was assayed. The activities of all three enzymes were detected even after SDS-polyacrylamide gel electrophoresis and coincided in position with the protein band of enzyme A, as shown in Fig. 2 .
Even when these enzymes were incubated with 0.2% SDS in TM buffer for 24 h at 37°C they only lost about 40% of their activities, confirming the results of Mather and Keenan (27) . , and C, respectively, were preincubated in TM buffer containing 0.2% SDS at 37°C for 24 h. The enzymes were then applied to 5% polyacrylamide gel containing 0.1% SDS and electrophoresis was performed in 0.5 M sodium phosphate buffer (pH 7.2) containing 0.1% SDS for 6 h at 8 mA/tube. After electrophoresis, the gels were cut into 1 mm sections, and the enzyme was eluted with TM buffer and assayed. A duplicate gel stained with Coomassie brilliant blue after electrophoresis of enzyme A is shown at the top. least 4 and 8 bands, respectively, and the enzyme protein could not be identified. The molecular weights of enzymes B and C were estimated to be 220,000 and 110,000, respectively, by gel filtrations on Sephadex G-200 and CPG-10 (170 A) columns (data not shown). Enzyme A appeared to have a molecular weight of more than 10' daltons judging from its position of elution from a CPG-10 (500 A) column. Enzymes A, B, and C all had a pH optimum at 10.5 and a K m value for p-nitrophenylphosphate 10 20 Time (min) Fig. 3 
. Heat inactivations of enzymes A (O), B (•), and C (A). Enzyme preparations with equal activities
were incubated at 65°C in TM buffer for various times, then their activities were assayed. The initial activity was expressed as 100%. of 2.8 mM. The V max value of the purified enzyme A for p-nitrophenyl phosphate was 868 fimol of />-nitrophenol liberated/min/mg protein. This value was slightly lower than the specific activity shown in Table 1 , possibly due to inactivation during storage of the enzyme.
When the three enzymes were incubated at 65°C in TM buffer, 50% of the activity was lost in the first 2 min, and only 3% of the activity remained after 15 min, as shown in Fig. 3 . No difference in heat inactivation was found among the three enzymes.
All three enzymes were equally inhibited by L-phenylalanine or L-leucine when incubated with these amino acids in the standard reaction mixture at 37°C for 10 min (Fig. 4) . Fifty % inhibition was obtained at 3 mM of both amino acids for enzymes A, B, and C.
DISCUSSION
Alkaline phosphatase (enzyme A) from the intestinal mucosa of rats was purified 730-fold, yielding a homogenous protein having a specific activity of /. Biochem. 1,460 units/mg protein. Our method of enzyme purification using gel filtration on CPG-10 (500 A) is easy and simple. It is based on the fact that the enzyme extracted from the rat small intestine in this experiment has a large molecular size (it may be an aggregate), so on CPG-10 (500 A) gel filtration the main fraction recovered in the void volume is effectively separated from most other proteins. The specific activity of enzyme A purified in the present experiments is 22 times higher than that previously reported for the enzyme from the rat intestine (24), 3-6 times higher than that for the human intestinal enzyme (75, 17, 18) and is close to the value for the enzyme from the calf intestine (21, 22) . In previous studies on the rat intestinal enzyme (23, 24) , the authors observed the presence of a minor protein which has a much higher specific activity than the major protein on electrophoresis of the final enzyme preparation. It is probable that in the present work, this enzyme protein which has high specific activity was selectively purified.
The aggregated nature of the alkaline phosphatase found in this study was not observed with the rat intestinal enzyme reported previously (23, 24) . Another difference is that the 4.5-fold increase in the recovery of the total enzyme activity after butanol extraction and dialysis reported in the previous work (24) was not obtained in our experiments. In the work of Saini and Done (24) , the starting material was the whole small intestine instead of the mucosal part used in the present experiment. This difference may account for these discrepancies, as well as those in the specific activities.
On SDS-polyacrylamide gel electrophoresis, enzyme A at the final stage of purification migrated as a single protein band at a position corresponding to a molecular weight of about 110,000. The same molecular sizes of enzymes A, B, and C were deduced from the positions of activity on SDSpolyacrylamide gel electrophoresis, suggesting that the monomer form of alkaline phosphatase from rat intestine is a molecule with a molecular weight of around 110,000 daltons. No contaminating protein was detected in the most highly purified preparation of enzyme A on SDS-polyacrylamide gel electrophoresis. Thus this preparation probably consists of aggregates of monomer molecules. From their molecular weights, enzymes B and C appear to be the dimer and the monomer, respecVol. 86, No. 5, 1979 tively. The view that enzymes A, B, and C are composed of the same molecules is supported by the findings that their positions of elution from a DE52 column and their kinetic properties were the same.
Treatments of purified enzyme A with urea, 2-mercaptoethanol and sodium deoxycholate failed to dissociate the aggregate. However, preliminary experiments have shown that treatments with pronase and cellulase according to the method reported by Chang and Moog (28) convert enzyme A to enzymes B and C, respectively. No detectable increase or decrease in the recovery of enzyme activity has been obtained after these treatments, suggesting that the specific activity of the aggregated enzyme is not very different from those of dissociated forms. Further studies are necessary, however.
Although carbohydrate analysis was not performed on the purified enzyme in the present experiments, the enzyme of rat intestine was reported to be a glycoprotein (23, 24) .
L-Phenylalanine, which inhibits intestinal alkaline phosphatase of various species (18, (29) (30) (31) , also inhibited the enzymes purified from the rat small intestine, as reported previously (24) . LLeucine has been reported to inhibit the partially purified enzyme from rat intestine (29), and we confirmed its inhibitory effect using the purified enzyme. The K m value of the enzyme from rat small intestine for p-nitrophenyl phosphate was very close to that of the enzyme from calf intestine (21) . However, unlike the enzymes from chicken intestine (32) the enzyme from rat small intestine was heat-labile, as was the human intestinal enzyme (16) . The enzyme from calf intestine was reported to have a molecular weight of 140,000 and to be a dimer composed of two very similar subunits (20) . The molecular weight of the human intestinal enzyme was calculated to be 170,000 (16) but its subunit structure is unknown. Rat liver alkaline phosphatase has been reported to be a dimer made up of two subunits with identical molecular weights of 71,200 to 75,000, and the activity was reported to be lost when the enzyme was dissociated into monomers (8) . The bovine kidney enzyme is also a dimer with a molecular weight of 172,000 (10). The dimer structure has also been demonstrated for the enzymes from human placenta (6) and KB cells (13) . However, the pig kidney enzyme was reported to have a molecular weight of 150,000-156,000 and to be a tetramer (9) . These findings suggest that intestinal alkaline phosphatase of the rat is different, especially in its molecular structure, from intestinal alkaline phosphatases of other animal species and also of other tissues.
